Abstract: Biosensors for signaling molecules allow the study of physiological processes by bringing together the fields of protein engineering, fluorescence imaging, and cell biology. Construction of genetically encoded biosensors generally relies on the availability of a binding "core" that is both specific and stable, which can then be combined with fluorescent molecules to create a sensor. However, binding proteins with the desired properties are often not available in nature and substantial improvement to sensors can be required, particularly with regard to their durability. Ancestral protein reconstruction is a powerful protein-engineering tool able to generate highly stable and functional proteins. In this work, we sought to establish the utility of ancestral protein reconstruction to biosensor development, beginning with the construction of an L-arginine biosensor. L-arginine, as the immediate precursor to nitric oxide, is an important molecule in many physiological contexts including brain function. Using a combination of ancestral reconstruction and circular permutation, we constructed a F€ orster resonance energy transfer (FRET) biosensor for L-arginine (cpFLIPR). cpFLIPR displays high sensitivity and specificity, with a K d of~14 mM and a maximal dynamic range of 35%. Importantly, cpFLIPR was highly robust, enabling accurate L-arginine measurement at physiological temperatures. We established that cpFLIPR is compatible with two-photon excitation fluorescence microscopy and report L-arginine concentrations in brain tissue.
Introduction
Many amino acids have been shown to be mediators of cellular signaling and modulation.
1,2 L-arginine specifically has been identified as the major substrate for the nitric oxide synthase (NOS) allowing for biosynthesis of nitric oxide (NO), a critical signaling molecule in the cardiovascular system, in the immune response, and important for neuronal function and plasticity. 3, 4 Because of the involvement of NO in many physiological processes, its role in signaling has been a pharmacological target in a variety of diseases, for example, NO donors as treatment for vascular diseases. 5 In the brain, alterations of NO signaling have been in implicated in the pathophysiology of, among others, Alzheimer's disease, 6, 7 Huntington's disease, 8 and epilepsy. 9 Its rate of synthesis depends on a number of factors including the concentration of L-arginine, 10 implying that changes of L-arginine concentration are relevant in disease. Indeed, brain L-arginine levels are affected by various relevant conditions including anxiety, 11 pain, 12 substance abuse, 13 and Alzheimer's disease. 14 A commonly used method to quantitatively investigate changes of L-arginine concentration is microdialysis. [11] [12] [13] However, while microdialysis has been instrumental in gaining fundamental insights into L-arginine signaling it lacks the required spatial resolution for investigating changes of cellular distribution of L-arginine or localized L-arginine release or depletion. This is typically the domain of optical sensors which allow the experimenter to investigate concentrations and their changes non-invasively in space and time.
Optical sensors for amino acids generated so far typically rely on a molecular recognition event such as those found with the Fluorescent Indicator Protein (FLIP) sensors that exploit ligand mediated conformational changes of their binding core, usually a Periplasmic Binding Protein (PBP), to generate an observable change in fluorescence intensity. 15, 16 These binding proteins exist in two primary conformations; ligand free (open) and ligand bound (closed), 17 previously likened to a "Venus fly trap" binding module. 18 Existing PBP based sensors include those modified with fluorescent dyes to create fluorescence intensity optical sensors (EOS) and those using fluorescent proteins to construct F€ orster Resonance Energy Transfer (FRET) based biosensors capable of in vivo measurements. 15, 16, 19, 20 Extant, naturally occurring proteins often lack the properties that we require for medical or industrial applications and thus require substantial engineering. To be useful as a biosensor, the binding protein must be specific for its ligand. However, it is equally important that it can be expressed in high yield and maintains structural integrity throughout the course of the planned experiments. While proteins from thermophilic organisms could potentially fulfill these requirements, there are often other impediments related to their use. In this instance, PBPs from thermophilic organisms with affinity for L-arginine have been reported, but each is unsuitable for different reasons: the L-arginine binding protein from Thermotoga maritime has a domain swapped structure that complicates addition of fluorescent proteins in sensor construction, 21 while thermophilic PBPs from Thermus thermophiles and Geobacillus stearothermophilus have low specificity for L-arginine, that is, they also bind other amino acids with high affinity. 22, 23 Existing PBP-based FRET sensors for L-arginine are compromised by suboptimal affinity for L-arginine (QBP sensor 24 ) or sensitivity to physiological temperatures (ArtJ 20 ), which could result in quantitative errors. We therefore sought to develop a novel strategy to generate stable and specific fluorescent reporters for L-arginine that can be used in complex tissue under physiological conditions. Ancestral protein reconstruction (APR) is a technique that has been shown consistently to produce thermostable proteins. [25] [26] [27] APR involves reconstruction of the sequence of an ancestral protein using statistical phylogenetic methods, allowing the ancestral protein to be characterized experimentally. 28 The thermostability of ancestral proteins is somewhat controversial, variously being ascribed to the thermophilicity of ancient organisms from which they putatively originate, 25 or through artifacts resulting from biases introduced by the maximum likelihood framework that can be used to infer ancestral sequences. 29 As the polar amino acid PBP family is ancient, with homologs distributed throughout all domains of life, 30 we expected that ancestral polar amino acid PBPs would also be thermostable and therefore provide useful scaffolds for biosensor engineering.
In this work we demonstrate that wild-type binding cores are poorly suited to measurement at physiological temperatures due to their low thermal stability, resulting in compromised experimental reliability. Use of an ancestrally reconstructed core allowed for the creation of cpFLIPR, a FRET sensor capable of reliable quantification of L-arginine concentrations in organized brain tissue at nearphysiological temperature.
Results

Ancestral protein reconstruction
Maximum likelihood methods were used to infer a phylogeny of the polar amino acid PBP family from an alignment of 133 protein sequences and to reconstruct the sequences of ancestral nodes in this phylogeny (Fig. 1) . Of the sequences used, 46 were bacterial homologs of proteins with high affinity for L-arginine, including lysine-/arginine-/ornithine-binding protein (ArgT), arginine-binding protein (ArtJ), and histidinebinding protein (HisJ), with the remainder being bacterial homologs of glutamine-binding protein (GlnH), aspartate-/glutamate-binding protein (GltI), cystinebinding protein (FliY), and cysteine-binding protein (CjaA). The maximum likelihood phylogeny reproduced general relationships between these proteins that have been inferred previously, 31 such as the close relationship between the glutamine-binding protein and lysine-/arginine-/ornithine-/histidine-binding protein subfamilies. Our primary aim in this work was not to investigate the evolution of these proteins but to generate a thermostable and functional scaffold that could be converted into a biosensor. To this end we investigated two ancestral nodes close to the divergence of the arginine-binding protein subfamily from the glutamine-binding protein subfamily (AncQ and AncQR; Fig. 1) ; we expected the corresponding ancestral proteins to be thermostable because their descendants (i.e. homologs of GlnH and ArgT) are found in phylogenetically diverse Gram-negative and Grampositive bacteria, implying that proteins similar to AncQ and AncQR could have existed in ancient thermophilic bacteria.
Upon cloning of synthetic genes encoding the ancestral proteins followed by expression of the proteins in Escherichia coli, we found that AncQ and AncQR already had the desired properties for an Larginine biosensor: high thermostability and sufficient specificity for L-arginine. Both ancestral proteins were expressed at very high levels in E. coli [ Fig. 2(A) ]. CD spectroscopy showed that both ancestral proteins were more stable than ArgT from Salmonella enterica (seArgT), which has a denaturation temperature (T m ) of 51.68C [ Fig. 2(B) ], as well as other polar amino acid PBPs from mesophilic organisms. 33 Indeed, AncQ is particularly stable, with a T m exceeding 808C [ Fig. 2 Construction of an l-arginine fluorescent sensor
AncQ was cloned into a specialized vector (pDOTS4), creating an enhanced cyan fluorescent protein (ECFP)-AncQ-Venus fluorescent protein (VFP) fusion construct, referred to henceforth as FLIPR (Fluorescent Indicator Protein for L-arginine) in keeping with the nomenclature developed by W. B. Frommer. 16 Although ITC analysis showed that FLIPR retained the capacity to bind L-arginine, with a K d of 25 mM (Table I) it did not exhibit a ligand mediated FRET response [ Fig. 3(A) ]. In the absence of a crystal structure of AncQ, we constructed a model using the PHYRE2 server 35 [ Fig. 3(B) ].
Inspection of the homology model showed that the termini were located on the same lobe and therefore interfluorophore distance would not change between the open and closed conformations. Previous work by Okada et al. 20 addresses this issue, increasing the dynamic range of the sensor through the use of circular permutation. The purpose of circular permutation is to place the N-and C-termini on separate lobes, so that changes in the relative positions of the fluorescent proteins are detectable through ligandinduced conformational change. In keeping with their methodology, the original termini were joined using a flexible linker peptide (Gly-Gly-Ser) 4 and the second hinge strand of AncQ (residues 178-183) was removed. This yielded N and C termini in opposite lobes [ Fig. 3 (C)] and produced an active binding core, cpAncQ, with a K d of 18 mM for L-arginine (Table I) . Next, the cpAncQ core was fused to the ECFP-VFP FRET pair yielding cpFLIPR. The new construct contained an N-terminal biotin tag to allow for binding to streptavidin. Fluorescence assays indicated a maximal fluorescence ratio change of 35% (excitation 433 nm, emission 525 nm/475 nm) at saturating levels of L-arginine compared with baseline [ Fig. 3(A) ]. We then conducted ITC analysis which showed that cpFLIPR binds L-arginine with a K d of 
-histidine, and L-glutamine was determined by ITC. These experiments were performed in 50 mM Na 2 HPO 4 pH 7.40, 100 mM NaCl buffer at 258C. Error bars represent standard deviation of the mean from at least two separate titrations.
13.4 mM. In comparison to current L-arginine sensors, this is a 130-fold improvement in K d relative to the QBP variant 24 and has an affinity in the relevant physiological range similar to that of cpArtJ. 20, 36 cpFLIPR appears to be specific for L-arginine; titration of the amino acids L-lysine, L-histidine, L-glutamine, and L-ornithine [ Fig. 3(D) ] did not show a significant change in fluorescence ratio at concentrations up to 500 mM.
Thermal stability of cpFLIPR and related sensors
To determine the relative stability of cpFLIPR in comparison to the current sensor cpArtJ, the fluorescence ratios of cpArtJ and cpFLIPR were monitored as a function of temperature [ Fig. 4 (A)], both with saturating concentrations of L-arginine. Construction of the circularly permuted sensor resulted in a loss of stability of both ArtJ and AncQ. The observed fluorescence ratio displayed a sigmoidal decay and yielded an effective T m of 338C and 508C for cpArtJ and cpFLIPR, respectively, showing cpFLIPR was significantly more stable after sensor construction.
The same experiments were performed with the ligand bound sensor to account for the potential stabilizing effects of bound ligand. 37 An increase in stability of approximately 78C was observed for both sensors, with the T m increasing to 408C and 568C for cpArtJ and cpFLIPR, respectively. The thermal denaturation curve for cpArtJ showed a 15% increase (cpFLIPR only changed 4%) in ratio with temperature over the range of 25 to 358C before quickly decreasing, indicating a strong temperature dependence of the CFP-VFP fluorescence ratio. These results suggest that cpArtJ is unable to accurately measure L-arginine concentrations at temperatures in excess of 308C, while cpFLIPR can retain function to over 458C.
To investigate the kinetic stability of these sensors, under equilibrium conditions, they were incubated at 378C for 45 min, to simulate a typical short experiment at physiological temperature. In the case of cpFLIPR, the VFP/CFP ratio change observed upon ligand binding at 258C (120%) did not significantly change when the temperature was increased [ Fig. 4(A) ] or after 45 min of incubation [123%; Fig.  4(B) ]. After cooling to 258C, the VFP/CFP ratio remained almost identical to that preincubation (116%; t-test P < 0.05, n = 3). In contrast, the VFP/ CFP ratio change observed upon ligand binding at 258C for cpArtJ (113%) did change when the temperature was increased [ Fig. 4(A) ], and after 45 min at 378C the sensor had lost all sensitivity, giving a negative ratio change (84% of apo cpArtJ). When the sensor was cooled to 258C after the 378C incubation, the VFP/CFP ratio was identical to that of unbound cpArtJ; that is, no change from ligand binding [100%, paired t-test P < 0.05, n = 3; Fig. 4(B) ]. This experiment demonstrated that the negative effect of temperature upon cpArtJ is irreversible and likely a result of denaturation of the binding core. These data together with the melting curves indicate a significant increase in thermal and kinetic stability for cpFLIPR resulting in superior readout reliability.
cpFLIPR in two-photon excitation (2PE) fluorescence microscopy 2PE fluorescence microscopy is a powerful technique for imaging in living tissue in vivo and in situ. To test whether cpFLIPR is compatible with this method we imaged the sensor at an excitation wavelength of 800 nm in a meniscus under the objective and titrated increasing concentrations of L-arginine. Under these conditions, cpFLIPR had a K d of 14 mM and a 7.2% change in fluorescence ratio [ Fig. 5(A) ].
We next tested cpFLIPR in 300 mm thick acute slices of rat hippocampus. To this end, we adopted a labeling procedure that anchors fluorescent proteins in the extracellular space. 38 Brain slices were biotin- To test if this labeling procedure impairs slice viability we recorded field responses to Schaffer collateral stimulation from the stratum radiatum of the CA1 region in biotinylated and control slices. No significant changes of fiber volley amplitudes, field response slopes or paired-pulse ratios were detected (n 5 8, all groups, P > 0.2 throughout, unpaired Student's t-tests) indicating that axonal, post-, and presynaptic function are not affected. We then used cpFLIPR to measure the extracellular resting concentration of L-arginine in brain slices. After an initial recording to obtain a resting VFP/CFP fluorescence ratio, increasing concentrations of L-arginine were added to the extracellular solution. The sensor responded to 50 mM and 1 mM L-arginine with a change in VFP/CFP fluorescence ratio of 3.4 6 0.4% and 8.7 6 0.9% respectively [n = 3; Fig. 5(D) ]. Using the calibration obtained in free solution (K d and n) and the VFP/CFP fluorescence ratios obtained from baseline, 50 mM and 1 mM measurements in the slice, respectively, we estimated a resting L-arginine concentration of 16.8 6 4.6 mM (n 5 4) in the extracellular space of rat brain. To the best of our knowledge, this is the first measurement of extracellular resting L-arginine concentrations in intact neuropil, and is close to values measured in rat hippocampus and human cerebrospinal fluid of 5 to 20 mM.
36,39,40
Discussion
In this study we describe the use of ancestral protein reconstruction to generate a thermostable binding and cpFLIPR (red) upon incubation at 378C for 45 min normalized (as percentages) against the aposensor ratio. Pre incubation measurements were conducted as separate experiments. cpArtJ displays a diminished VFP/CFP ratio at 378C postincubation and this change is irreversible as shown by the postincubation 258C ratio, which is equivalent to that of the aposensor. All changes are statistically significant (P < 0.05) as determined by a t-test (preincubation relative to postincubation measurements) and a paired t-test (postincubation measurements).
core that allowed for the construction of a FRET sensor capable of specifically detecting L-arginine in complex tissue such as rat brain slices at physiological temperature. This work shows that ancestral protein reconstruction allows us to circumvent this problem of low resistance to thermal denaturation inherent in many contemporary sensors derived from mesophilic proteins. Whereas thermostable L-arginine-binding proteins derived from thermophilic organisms have been reported, other properties are less desirable, such as the domain-swapped dimeric structure of TmArgBP 21 or the low specificity of TTC0807 and GsArtJ. 22, 23 The increased thermostability of the ancestral core compared with contemporary proteins gave AncQ a higher tolerance to manipulations such as circular permutation, which has previously been shown to decrease ligand affinity 20 and thermodynamic stability. 41, 42 This destabilization is often attributed to the strain introduced by the linking of the original termini. 42 Specifically, in the case of cpArtJ, the destabilizing effects of circular permutation resulted in a strong temperature dependence of FRET and thereby impeded data reliability, whereas cpFLIPR upon circular permutation retained stable function at temperatures in excess of the physiological range and even increased dynamic range (Fig. 4) . Immobilization of cpFLIPR in the extracellular space of acute rat brain slices using its biotin tag resulted in a stable and bright label for several hours, while faithfully reporting L-arginine concentration in the extracellular space of the tissue upon application of the amino acid. Using our calibration data in free solution and the fluorescence ratios obtained for varying concentrations of L-arginine washed onto the slice, we calculate a resting concentration of 17 mM in the extracellular space of the rat brain. This is in good agreement with values measured in rat hippocampus and human cerebrospinal fluid of 5 to 20 mM 36, 39, 40 indicating that cpFLIPR can be used to measure physiologically relevant extracellular concentrations of L-arginine in intact brain tissue. This result also suggests that 
.04 6 3.8 mM, n 5 3. B) Schematic representation of sensor immobilization in brain tissue. Biotinylated cpFLIPR was conjugated to streptavidin (SA, gray) and then puffed into brain slices preincubated with EZ-link Biotin leading to its attachment to cell surfaces (brown). C) Illustrates the puff of cpFLIPR (yellow) into the striatum radiatum of the CA1 region of a rat hippocampal slice at a depth of 70 mm. The highlighted region was subsequently imaged at a depth of 59 mm. D) cpFLIPR responses to application of L-arginine in situ demonstrate its capability to measure steady state conditions and sensitivity to changes in ligand concentration in organized brain tissues. Fluorescence ratios at rest and after application of 50 mM and 1 mM of L-arginine were used to calculate the resting L-arginine concentration in acute brain slices.
homeostatic mechanisms maintaining extracellular L-arginine concentrations could be preserved in acute slices, similar to other relevant transmitters like GABA 43 or NMDA receptor co-agonists 44 cpFLIPR therefore represents a non-invasive tool to study the cellular processes that release, remove and/or deplete extracellular L-arginine [11] [12] [13] [14] at high spatial and temporal resolution. Since the anchoring of cpFLIPR to surface membranes is not specific for brain tissue the use of cpFLIPR is not limited to brain or reduced preparations like tissue slices. Indeed, its suitability for two-photon excitation at 800 nm should also prove useful for in vivo imaging deep in the intact tissue. In summary, we show that cpFLIPR can be used in experimental approaches that involve both singleand two photon fluorescence excitation, therefore rendering it versatile for various experimental setups ranging from in vitro to in situ and possibly in vivo conditions. The successful application of this sensor supports evidence that circular permutation is a useful and generally applicable technique for improving dynamic range of PBP-based sensors, 20 particularly when deriving the binding core through reconstruction of ancestral proteins.
Materials and Methods
Phylogenetic analysis
Bacterial homologs of GltI (NCBI GI number: 15800369), GlnH (15800563), ArgT (309702622), HisJ (15802856), and FliY (312967121) from Escherichia coli, and CjaA from Campylobacter jejuni (86150666) were collected from the NCBI database of nonredundant protein sequences using the BLAST server. Sequences were divided into subfamilies and aligned within their subfamily using MUSCLE version 3.8.31 45 and the resulting alignments were combined by profile-profile alignment in MUSCLE. Model selection for the phylogenetic analysis was done using PROTTEST version 2.4 46,47 on the basis of the Akaike Information Criterion, which was calculated for BIONJ trees inferred using various substitution models. This analysis supported use of the LG substitution matrix, with rate heterogeneity modeled using the discrete-gamma model with four rate categories, a fraction of invariant sites fixed at 0.3%, and equilibrium amino acid frequencies estimated from the data. Unrooted phylogenetic trees were calculated using the maximum likelihood method implemented in PhyML version 3.0 47 and bootstrapped with 100 replicates. Ancestral protein sequences were reconstructed using the empirical Bayes method implemented in PAML version 4.5.
48
The posterior probability distribution at each site for each ancestral node was also calculated using PAML. Putative N-terminal signal sequences and artifactual insertions caused by gaps in the multiple sequence alignment were removed manually. Sequences corresponding to a putative ancestor of the L-arginine and L-glutamine PBPs, as well as a putative ancestor of only the L-glutamine family were selected for more detailed analysis. The rationale for including the ancestor of L-glutamine binding proteins was that the precise binding specificities of these potential ancestors could not be reliably predicted given their evolutionary separation from contemporary proteins. These were the only ancestors screened in this work, that is, no dysfunctional ancestors were generated.
Cloning
The protein sequences of ArgT from Salmonella enterica with signal peptide removed (seArgT; NCBI GI number 446677077), and the ancestral proteins AncQ and AncQR were back-translated, producing nucleotide sequences codon-optimized for expression in E. coli. The resulting genes were synthesized (GeneArt) and cloned into the NdeI/EcoRI site of the pETMCSIII plasmid 49 using standard restrictionligation methods. This allowed expression of the proteins with N-terminal hexahistidine tags under control of a T7 promoter. The cpAncQ gene was synthesized (GeneArt) and cloned into the same plasmid by Gibson assembly 50 using in-house prepared reagents. The cpArtJ sequence was constructed based off the literature 20 and synthesized by GeneArt for sensor cloning. Sensor constructs were cloned into a series of vector backbones denoted as "pDOTS#." These utilize the vector system used previously 16 (Addgene Plasmid #13537) containing a pRSET backbone with an N-terminal 63HisTag. YbeJ was removed from the CFP-Venus cassette and replaced with a SapI linker designed around the method of golden gate cloning, 51 whereby
SapI (NEB) restriction sites (GCTCTTC/GAAGAGC) are used to clone in a gene of interest; this yielded the vector pDOTS4. All gene fragments were generated by PCR to have the reciprocal SapI sites at both the 5' and 3' ends. A single amino acid insertion at both ends occurs due to cloning (isoleucine at 5' and leucine at 3'). AncQ was cloned into pDOTS4 yielding FLIPR, while cpAncQ was cloned into pDOTS10 giving cpFLIPR. pDOTS10 contains the insertion of a biotin tag from the PinPoint TM Xa-1
Vector (Promega) in between the His tag and the first fluorescent protein.
To obtain usable quantities of vector DNA, E. coli Top10 cells were transformed by electroporation with target construct and following successful transformation used to inoculate 10 mL Luria Broth (LB) media. The vector DNA was purified using a QIAprep Spin Miniprep Kit (Qiagen, Germany) following the manufacturer's protocol.
Protein expression and purification
Proteins were expressed in E. Proteins were used at a concentration of 50 mM in dialysis buffer with fluorescence measured at 18C intervals as the temperature was increased at 0.38C/ min from 208C to 908C. Fluorescent titrations we carried out using the Cary Eclipse spectrophotometer using an excitation of 433/5 nm, measuring emissions from 460 to 540 nm with peaks registered at 475 and 525 nm for ECFP and Venus (VFP) respectively. To a 50 mM protein sample with a volume of 975 mL, ligand concentration was increased incrementally from an initial concentration of 10 nM to a final concentration of 2 mM. Ratios were calculated as 525/475 nm.
Hippocampal slice preparation and biotinylation
Hippocampal slices were prepared as described previously. 52 Briefly, 300 mm thick acute horizontal slices were obtained from 3-to 4-week-old Wistar rats in full compliance with national and institutional guidelines on animal experimentation. Slices were prepared in an ice-cold slicing solution containing (in mM): NaCl 60, sucrose 105, KCl 2.5, MgCl 2 
Two-photon excitation fluorescence microscopy
We used a FV10MP imaging system (Olympus) optically linked to a femtosecond pulse laser Vision S (Coherent, k 5 800 nm) and equipped with a 253 (NA 1.05) objective (Olympus). The laser power was adjusted to 3 mW under the objective for meniscus imaging. For imaging in slices, laser power was adjusted to 6 mW under the objective which corresponds to an estimated intensity of 3 mW at 50 mm depth in the slice where measurements were taken. cpFLIPR CFP and Venus fluorescence signals were collected with photomultiplier tubes connected to a single photon counting board (Picoharp, Picoquant). Their arrival times were recorded using Symphotime software (Picoquant). Offline analysis was performed using Origin (OriginLab) and custom written scripts in Matlab (Mathworks). The ratio of Venus and CFP fluorescence was calculated from the number of photons detected by the respective detectors in time bins of 222 ms.
